1. Introduction {#s0005}
===============

Porcine epidemic diarrhea (PED) is an acute and contagious enteric disease with high mortality in sucking piglets, causing huge economic losses to swine industry [@bb0005], [@bb0010]. The etiological agent, porcine epidemic diarrhea virus (PEDV), is an enveloped, single-stranded positive-sense RNA virus which belongs to *Coronaviridae* family [@bb0015]. The viral genome is approximately 28 kb, encodes at least seven open reading frames (ORFs). The two largest ORFs (ORF1a and ORF1b) located in the two-thirds of the genome downstream of the 5′UTR encode the viral replicase. The other one-third genome encodes the structural and accessory proteins including spike (S) glycoprotein, small envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein, and accessory protein (ORF3) [@bb0020], [@bb0025], [@bb0030]. In late 2010, severe outbreak of PED has occurred in China even if the herds were vaccinated, which was caused by a variant of highly virulent PEDV [@bb0010], [@bb0020], [@bb0035]. The new PED outbreaks were also reported in the United States, Canada, Vietnam, and Korea [@bb0040], [@bb0045], [@bb0050], [@bb0055]. Although many relevant studies have been carried out, they are mainly focused on the viral isolation and molecular epidemiology survey [@bb0025], [@bb0060]. The pathogenic mechanism and immune regulation between PEDV and host, as well as the difference between virulent and attenuated strains of PEDV infection remain still largely unknown.

Proteomic approaches are important tools in the comprehensive analysis of host responses to viral infection, such as foot-and-mouth disease virus (FMDV) [@bb0065], Marek\'s disease virus (MDV) [@bb0070], severe acute respiratory syndrome-associated coronavirus (SARS-CoV) [@bb0075], infectious bronchitis virus (IBV) [@bb0080], and highly pathogenic avian influenza (HPAI) virus [@bb0085]. Isobaric tags for relative and absolute quantitation (iTRAQ) combined with LC--MS/MS analysis are an emerging quantitative proteomic method with great accuracy, sensitivity, separating capacity, and high throughput for protein identification and quantification [@bb0090]. It has been applied to many virus--host interaction studies, which include porcine circovirus type 2 (PCV2) [@bb0095], transmissible gastroenteritis virus (TGEV) [@bb0100], hepatitis B virus (HBV) [@bb0105], and porcine respiratory and reproductive syndrome virus (PRRSV) [@bb0110]. These studies have outlined the dynamic interaction between host and pathogen, and promote a better understanding of the pathogenesis involved in viral infection.

Until now, reports about the interaction between PEDV and host interactions are rarely covered. It is well known that Vero cells are most commonly used not only for PEDV isolation, propagation and basic research, but also for many different human pathogens, including SARS-CoV [@bb0115], influenza virus [@bb0120], and respiratory syncytial virus [@bb0125]. Vero cells are interferon-deficient when infected by viruses while they still have the interferon α/β receptor, permitting productive growth of pathogens and reducing bystander effect in uninfected cells [@bb0080]. Although this may limit the comprehensive understanding of innate immune responses of virus-infected Vero cells, a map of Vero cell proteome is tremendously valuable. Recently, the protein changes of Vero cells contributing to a virulent PEDV variant and a classic PEDV strain CV777 were investigated, respectively [@bb0130], [@bb0135]. However, comparative proteomic analysis focused on PEDV strains with different virulence under the same circumstances has not been reported. In this study, we employed a quantitative proteomic analysis based on iTRAQ coupled with LC--MS/MS, to capture the differential protein expression profiles of Vero cells upon infection with virulent and CV777 vaccine strain-like PEDV strains. These differentially expressed proteins were classified into many signaling pathways, and interacting networks involved in PEDV infection were also constructed. Importantly, we noticed that the virulent PEDV strain could suppress protein synthesis of infected Vero cells through mTOR and its downstream targets inactivation. Moreover, the virulent strain could induce stronger inflammatory responses than the CV777 vaccine strain-like strain. Overall, this is the first report on comparison of whole cellular protein alterations induced by virulent and CV777 vaccine strain-like strains of PEDV by application of iTRAQ based proteomic analysis, which might accelerate our understanding of the pathogenic mechanisms involved in different PEDV infections.

2. Materials and methods {#s0010}
========================

2.1. Cells and viruses {#s0015}
----------------------

African green monkey kidney (Vero-E6) cells were purchased from American Type Culture Collection (ATCC) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM), supplemented with 10% fetal bovine serum (Invitrogen) at 37 °C with 5% CO~2~. One PEDV strain CH/YNKM-8/2013 (Accession no. KF761675) was isolated from a sucking piglet with acute diarrhea. Another PEDV strain AH-M (Accession no. KJ158152) was isolated from piglets with mild diarrhea signs without mortality compared to the watery diarrhea and high mortality, and classified into the same cluster with CV777 vaccine and other attenuated strains. Phylogenetic analysis was constructed based on nucleotide sequences of full-length spike gene and depicted in [Fig. 1](#f0010){ref-type="fig"}A. The virus titers were determined by Reed--Muench method.Fig. 1Phylogenetic analysis and virus infection. (A) Phylogenetic trees of PEDV based on nucleotide sequences of full-length spike genes. (B) Confirmation the proliferation of PEDV strain CH/YNKM-8/2013 or AH-M by IFA staining in infected Vero cells at 12, 24, 36, and 48 h pi, respectively. Mock-infected cells at 36 h pi were set as control. Scale bar = 50 μm.

2.2. Virus inoculation {#s0020}
----------------------

Vero cells were cultured for nearly 24 h for 80% confluence and washed twice with serum-free medium. Then, the cells were infected with PEDV strains CH/YNKM-8/2013 and AH-M, respectively, at a multiplicity of infection (MOI) of 0.1 and incubated with serum-free DMEM containing 8 μg/mL trypsin (Invitrogen). The PEDV- or mock-infected cells were collected at 36 h postinfection (h pi). Each group was processed with three independent biological replicates. Viral propagation was confirmed by daily observation of the cytopathic effect (CPE), virus titer determination and indirect immunofluorescence assay (IFA) using a monoclonal antibody against PEDV S protein.

2.3. Protein isolation, digestion, and labeling with iTRAQ reagents {#s0025}
-------------------------------------------------------------------

The PEDV- and mock-infected cell samples were collected with a cell scraper, centrifuged at 300  *g* for 10 min, and washed twice with ice-cold PBS containing 1 mM pervanadate and 1 mM sodium fluoride. The collected cells were lysed in 150 μL of RIPA lysis buffer containing 1 mM PMSF, and the soluble protein fraction was harvested by centrifugation at 12,000  *g* for 20 min at 4 °C after ultrasonication treatment for eight times. The protein concentration was determined by BCA Protein Quantitation Kit (Sangon Biotech, Shanghai, China). After reduction and cysteine-blocking as described in the iTRAQ protocol (AB Sciex, Concord, ON), solutions containing 100 μg protein were digested overnight at 37 °C with sequence grade modified trypsin (Promega, Madison, WI) and then labeled with different iTRAQ tags as follows: iTRAQ 113 (IT113) and iTRAQ 114 (IT114) for mock-infected samples; iTRAQ 115 (IT115) and iTRAQ 116 (IT116) for CH/YNKM-8/2013 strain infected samples; iTRAQ 117 (IT117) and iTRAQ 118 (IT118) for AH-M strain infected samples. The labeled samples were then mixed and dried with a rotary vacuum concentrator.

2.4. LC--MS/MS analysis {#s0030}
-----------------------

Strong cation exchange (SCX) chromatography was performed with a 20AB high-performance liquid chromatography (HPLC) system (Dionex Ultimate 3000, USA) (Phenomenex columns; Gemini-NX 3u C18 110A; 150 mm × 2.00 mm). The iTRAQ labeled peptides were redissolved in buffer A (20 mM HCOONH~4~, 2 M NaOH, pH 10), followed by a gradient elution with buffer B (20 mM HCOONH~4~, 2 M NaOH, 80% acetonitrile \[ACN\], pH 10) (5% B for 10 min, 5--15% B for 5 min, 15--50% B for 45 min, 50--90% B for 10 min, 90% B for 10 min, 90--5% B for 10 min) at a flow rate of 200 μL/min. The whole elution process was monitored by the absorbance of 214 nm and a total of 24 fractions were collected. Each fraction was acidulated with 50% TFA and lyophilized.

The fractions above were dissolved in aqueous solution containing 0.1% FA and 2% ACN, and then centrifuged at 12,000 g for 10 min at 4 °C. The peptides were introduced into a reverse-phase C18 trapping column (100 μm inner diameter × 100 mm, 3 μm resin from Michrom Bioresources, Auburn, CA) through the 20AB HPLC system (Dionex Ultimate 3000, USA). The mobile phases used were composed of solvent A (0.1% formic acid, 5% acetonitrile, and 95% H~2~O) and solvent B (0.1% formic acid, 95% acetonitrile, 5% H~2~O). The gradient run was from 5--40% B for 70 min with a flow rate of 300 nL/min. MS/MS was performed with a Triple TOF 5600 mass spectrometer (AB Sciex). During data acquisition, machines were set to the information dependent mode and MS spectra were acquired by the mass range of 400--1250 m/z (high resolution ≥ 30,000) with 250 ms accumulation time. A maximum of 20 MS/MS (resolution ≥ 15000) were chosen from each MS spectrum with 100 ms minimum accumulation time for each precursor and dynamic exclusion was fixed to 20 s.

2.5. Data analysis {#s0035}
------------------

Protein identification and quantification were performed with the ProteinPilot™ Software (Version: 4.5; Revision number: 1656; Applied Biosystems) using Paragon™ Algorithm (4.5.0.0, 1654) as searching engine. MS/MS data were searched against *Macaca mulatta* Uniprot database (August 15, 2014, containing 35,536 proteins, <http://www.uniprot.org/proteomes/UP000006718>). The cysteine alkylation by methyl methanethiosulfonate and biological modifications in the algorithm were programed for the search parameters. The protein confidence threshold cutoff was set to 1.3 (unused) to assume at least two peptides with 95% confidence interval, and all proteins identified must be above 95% confidence. In addition, false discovery rate (FDR) analysis was applied for the protein identification by searching against a concatenated reversed database. The peptide for quantification was automatically selected by Paragon™ algorithm to calculate the reporter peak area, error factor (EF) and *p* value. Proteins with fold change \> 1.5 or \< 0.67 and a *p*value \< 0.05 were considered as significantly different expressions. Auto bias-corrected were executed to decrease the artificial error.

2.6. Immunofluorescence assay {#s0040}
-----------------------------

CH/YNKM-8/2013 and AH-M infected Vero cells were fixed with cold ethanol at 12, 24, 36, and 48 h pi, respectively, followed by incubation with mouse monoclonal antibody against PEDV S protein for 1 h at 37 °C, and cells were washed three times with PBS before further incubation with FITC-conjugated anti-mouse IgG (Southern Biotech) in the dark. After washing five times with PBS, the images were captured under a fluorescence microscopy.

2.7. RNA extraction and real-time PCR analysis {#s0045}
----------------------------------------------

Total cellular or viral RNA was extracted from the PEDV-infected and mock-infected Vero cells or supernatants using TRIzol reagent (Invitrogen) according to the manufacturer\'s protocol. After the RNA was reverse-transcribed to cDNA using olige (dT) as the primer (Invitrogen), quantitative real-time PCR assay was performed using an Applied Biosystems ViiA 7 real-time PCR system. Relative quantitative real-time PCR was reacted in a 10 μL volume containing 50 ng of the cDNA template, FastStart DNA Master SYBR Green I Mix reagent kit (Roche) and 100 nM of each primer under conditions of 95 °C 10 min, then 40 cycles of 95 °C 30 s, 58 °C 30 s, and 72 °C for 30 s, and melting curves were obtained. Absolute quantitative real-time PCR was performed in a 10 μL volume containing cDNA template, FastStart Universal Probe Master (ROX) (Roche), 100 μM probe and primer. The cycle conditions were 50 °C 2 min, 95 °C 10 min, and 40 cycles of 95 °C 15 s, 56 °C 30 s, and 72 °C 31 s. For the standard curve, serial dilutions of a plasmid constructed by inserting the PEDV M gene into the pMD™18-T vector (TAKARA) were used to quantify the virus genomic copy number. Each cDNA sample was amplified in triplicate. The data analysis was performed using the Applied Biosystems ViiA 7 real-time PCR system software (Applied Biosystems).

2.8. Western blot analysis {#s0050}
--------------------------

The infected and mock-infected cells were collected at 36 h pi. Equivalent amounts of cell lysates from each sample were mixed with 5 × sample loading buffer and boiled for 10 min, then separated by 12% SDS-PAGE. The proteins were electrotransferred to 0.45 μm PVDF membranes (Millipore). Membranes were blocked with 5% (w/v) skim milk-TBST at room temperature for 2 h and then incubated overnight at 4 °C with primary antibodies to calnexin (Cell Signaling Technology, Inc.), phospho-p70S6K (Cell Signaling Technology, Inc.), annexin A1 (Protein-Tech, Inc.), and other antibodies purchased from ABclonal Technology. The membranes were washed with TBST and then incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG (ABclonal, Inc.) or goat anti-mouse IgG (ABclonal, Inc.) at 37 °C for 1 h. The signals were obtained using the clarity-enhanced chemiluminescence (ECL) reagent (Bio-Rad, Hercules, CA).

3. Results {#s0055}
==========

3.1. Kinetics of PEDV multiplication in Vero cells {#s0060}
--------------------------------------------------

To determine the kinetics of PEDV propagation in Vero cells, CPEs and viral protein expressions, as well as viral titers were all monitored at different time-points after infection. As shown in [SI Fig. 1(A)](#f0050){ref-type="graphic"}, the CPEs caused by CH/YNKM-8/2013 were featured by vacuolation, formation of syncytia, and fusion of cells; while those by AH-M strain mainly involved cell aggregation, and net-like distribution. According to the PEDV growth curve in Vero cells, we obtained that both of these two strains peaked at 48 h pi, and then gradually declined ([SI Fig. 1(B) and (C)](#f0050){ref-type="graphic"}). In addition, we also noticed that the cellular cytoskeleton of these two strains was severely collapsed at 48 h pi as a result of obvious CPE. The result of IFA indicated that PEDV began to replicate at 12 h pi, and most of the cells were infected at 36 h pi ([Fig. 1](#f0010){ref-type="fig"}B). In general, no significant host cell cytoskeleton collapse or membrane rearrangement observed but with high virus yield is regarded as the optimal time for proteomic analysis.[@bb0100], [@bb0140] Taken these substantial evidences into consideration, cell samples at 36 h pi were chosen for further proteomic analysis.

3.2. Protein profile by iTRAQ combined with LC--MS/MS analysis {#s0065}
--------------------------------------------------------------

The protein extracts were prepared from PEDV- and mock-infected Vero cells as described in the experimental section. In total, 3406 and 3409 proteins were identified and quantified by iTRAQ coupled with LC--MS/MS analysis in Vero cells infected with PEDV strains CH/YNKM-8/2013 and AH-M, respectively. Significantly up/down regulated proteins were determined by a fold change \> 1.5 or \< 0.67 and a *p*value \< 0.05. As for this, 354 proteins were significantly up-regulated and 307 proteins were markedly down-regulated during PEDV strain CH/YNKM-8/2013 infection ([SI Table 1](#ec0005){ref-type="supplementary-material"}). Meanwhile, 295 up-regulated and 179 down-regulated proteins were generated in cells infected with PEDV strain AH-M ([SI Table 1](#ec0005){ref-type="supplementary-material"}). Notably, three biological replicates among PEDV- or mock-infected groups were well-mixed when collecting samples and two technical replicates were carried to improve the reliability of our data. The repetitive analysis was shown in [SI Fig. 2](#f0055){ref-type="graphic"} (Supporting Information).

3.3. Bioinformatics analysis of the Vero cell proteome {#s0070}
------------------------------------------------------

These differentially expressed proteins were assigned into different biological processes, molecular functions, and cellular components by searching the Gene Ontology and Uniprot databases. GO annotation comparison was performed to elucidate the characteristics of total altered proteins in Vero cells induced by CH/YNKM-8/2013 or AH-M infection, which might associate with virulence and pathogenicity. For biological process annotation, proteins in both groups were mainly involved in biosynthesis, metabolic and signal transduction processes, but "transmembrane transport" and "cell death" were only detected in CH/YNKM-8/2013 infection ([Fig. 2](#f0015){ref-type="fig"}A). The molecular function comparison indicated that ion and RNA binding accounted for large proportions in both PEDVs infection. Proteins associated with "ATPase activity" and "structural constituent of ribosome" were not identified in AH-M infected cells. Moreover, "structural molecule activity" relevant proteins were all down-regulated, while "oxidoreductase activity" relevant proteins were all up-regulated in both groups tested ([Fig. 2](#f0015){ref-type="fig"}B). In terms of cellular components annotation, proteins located in mitochondrion were both up-regulated, but endoplasmic reticulum associated proteins were merely detected with increased expression upon CH/YNKM-8/2013 infection. Nucleolus proteins identified were all decreased in both viruses infection cells ([Fig. 2](#f0015){ref-type="fig"}C). Together, the GO annotation comparison could provide a comprehensive overview of the differences regarding molecular characterization upon virulent and CV777 vaccine strain-like strains of PEDV infection, which might potentially involve in PEDV pathogenesis.Fig. 2Comparison of GO term annotation upon the differentially expressed proteins in Vero cells infected with PEDV strain CH/YNKM-8/2013 or AH-M. (A) Biological processes, (B) Molecular functions, and (C) Cellular components.

As compared to the human genome, the monkey genome database was poorly annotated and many proteins were unassigned or uncharacterized. Here, gene identifications of the differentially expressed proteins were converted to human protein gi numbers, followed by uploading into the Ingenuity Pathways Analysis (IPA) tool. Function classifications, signaling pathways, and interacting networks were constructed based on the underlying biological evidence from the literature database.

According to the function classification by IPA, these significantly differentially expressed proteins separately induced by CH/YNKM-8/2013 and AH-M, could be divided into four distinctive functional sets: (A) diseases and disorders; (B) molecular and cellular functions; (C) physiological system development and functions; (D) toxicity functions (shown in [Fig. 3](#f0020){ref-type="fig"} and [SI Table 2](#ec0010){ref-type="supplementary-material"}, p \< 0.05). These proteins are involved in many biological processes and functions, including infectious disease, cancer, cell death and survival, cell growth and proliferation, post-translational modification, and organismal survival. It was noteworthy that several biological functions associated with gastrointestinal disease, digestive system development and function, and inflammatory disease were also mapped during PEDV infection, which were closely related with PED progression. What is more, the immunological disease, as well as inflammatory response and disease were more highlighted by CH/YNKM-8/2013 than by AH-M.Fig. 3Functional characterization of significantly altered proteins after PEDV strains CH/YNKM-8/2013 and AH-M infection, respectively. (A) Diseases and disorders, (B) molecular and cellular functions, (C) physiological system development and functions, and (D) toxicity functions. More information is available in [SI Table 2](#ec0010){ref-type="supplementary-material"}.Functional characterization of significantly altered proteins after PEDV strains CH/YNKM-8/2013 and AH-M infection, respectively. (A) Diseases and disorders, (B) molecular and cellular functions, (C) physiological system development and functions, and (D) toxicity functions. More information is available in SI Table 2.

IPA tool was used to explore the potential specific functional networks for proteins that changed in abundance. In total, 25 protein networks were mapped based on these differentially regulated proteins upon CH/YNKM-8/2013 and AH-M infection, respectively ([SI Table 4](#ec0010){ref-type="supplementary-material"}). To investigate the underlying biologically functional differences that may be related to viral infection, four strongly represented networks of interest were depicted here. For CH/YNKM-8/2013 infection, the four networks were (1) RNA Post-Transcriptional Modification, Gene Expression, Developmental Disorder (34 molecules; score 55; [Fig. 4](#f0025){ref-type="fig"}A); (2) Developmental Disorder, Hematological Disease, Hereditary Disorder (32 molecules; score 51; [Fig. 4](#f0025){ref-type="fig"}B); (3) RNA Post-Transcriptional Modification, Gene Expression, DNA Replication, Recombination, and Repair (26 molecules; score 35; [Fig. 4](#f0025){ref-type="fig"}C); (4) Molecular Transport, RNA Trafficking, Cell Cycle (25 molecules; score 34; [Fig. 4](#f0025){ref-type="fig"}D). Another four representative networks existed in Vero cells infected with PEDV strain AH-M were (1) Cellular Assembly and Organization, Carbohydrate Metabolism, Drug Metabolism (30 molecules; score 50; [Fig. 5](#f0030){ref-type="fig"}A); (2) Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry (28 molecules; score 45; [Fig. 5](#f0030){ref-type="fig"}B); (3) Dermatological Diseases and Conditions, RNA Post-Transcriptional Modification, Cellular Compromise (26 molecules; score 38; [Fig. 5](#f0030){ref-type="fig"}C); (4) Cell Death and Survival, Cellular Growth and Proliferation, Cancer (25 molecules; score 38; [Fig. 5](#f0030){ref-type="fig"}D). Among the proteins present in these networks analysis, the up-regulated proteins are shown in shades of red and the down-regulated ones are in green. The proteins existed in the network but not identified in our analysis are depicted in white. It was worth mentioning that the biological processes involved in RNA post-transcriptional modification and developmental disorder were highlighted in PEDV strain CH/YNKM-8/2013 infection, while cellular assembly and organization, and metabolism were underscored in AH-M infection.Fig. 4Ingenuity Pathway Analysis of proteins significantly altered in Vero cells upon PEDV strain CH/YNKM-8/2013 infection. Red, up-regulated proteins; green, down-regulated proteins; and white, proteins known to be in the network but not identified in this study. The color depth indicates the magnitude of the change in protein expression. The shapes are indicative of the molecular class. Lines with arrows connecting between the molecules indicate the molecular relationships. Solid lines indicate direct interactions and dashed lines indicate indirect interactions.Fig. 5Ingenuity Pathway Analysis of proteins significantly altered in PEDV strain AH-M infected Vero cells. Red, up-regulated proteins; green, down-regulated proteins; and white, proteins known to be in the network but not identified in this study. The color depth indicates the magnitude of the change in protein expression. The shapes are indicative of the molecular class. Lines with arrows connecting between the molecules indicate the molecular relationships. Solid lines indicate direct interactions and dashed lines indicate indirect interactions.

3.4. Validation of protein identification and quantification by western blot {#s0075}
----------------------------------------------------------------------------

To confirm the differential expression of cellular proteome during PEDV infection, four proteins (STAT1, Calnexin, PSMB10, and Annexin A1) based on interest and different ratios were selected to be analyzed by western blot (shown in [Fig. 6](#f0035){ref-type="fig"} ). Although, the verified proteins were relatively limited, the ratios from immunoblotting analysis were in accordance with those obtained from iTRAQ approach.Fig. 6Validation of differentially expressed proteins with immunoblotting analysis. Immunoblotting analysis of proteins (STAT1, Calnexin, PSMB10, and Annexin A1) in PEDV-infected (CH/YNKM-8/2013 or AH-M) or mock-infected Vero cells. iTRAQ ratios (infection/mock) were shown on the right side. The β-actin protein was used as a control. Each experiment was repeated three times, and here are the representative results.

3.5. PEDV infection induces the disruption of translational regulation and inflammatory responses {#s0080}
-------------------------------------------------------------------------------------------------

Several translational regulation related pathways were more highlighted for PEDV strain CH/YNKM-8/2013 infection by IPA, such as Mitochondrial Dysfunction (*p* value = 6.31 × 10^− 15^), EIF2 signaling (*p* value = 3.16 × 10^− 10^, z-score = − 2.67), regulation of eIF4 and p70S6K Signaling (*p* value = 9.33 × 10^− 6^, z-score = − 2.00), and mTOR Signaling (*p* value = 1.26 × 10^− 2^, z-score = − 2.00). EIF2 (eukaryotic initiation factor-2) initiation complex integrates a diverse of stimuli to regulate both global and specific mRNA translation. Eukaryotic translation initiation factor 4 (eIF4) and ribosomal protein S6 kinase (p70S6K), downstream effectors of mTOR (mammalian target of rapamycin), play critical roles in translational regulation. To assess the alteration of mTOR signaling during PEDV multiplication, the total expression and phosphorylation profiles of mTOR, 4EBP1 (eIF4E binding protein 1), and p70S6K were analyzed by western blot. As shown in [Fig. 7](#f0040){ref-type="fig"} , the phosphorylation level of mTOR was decreased, followed by reduced expression of phosphorylated 4EBP1 and p70S6K mediated by CH/YNKM-8/2013 infection but not by AH-M. And this result was in agreement with the proteomic data acquired using iTRAQ labeled LC--MS/MS approach.Fig. 7Virulent PEDV infection induced the inactivation of mTOR, 4EBP1 and p70S6K. Vero cells were infected with PEDV strain CH/YNKM-8/2013 or AH-M at 0.1 MOI or mock-infected. Cells were harvested and processed at 36 h pi for immunoblotting. The protein levels of total mTOR, 4EBP1, p70S6K, and phospho-mTOR (Ser2448), phospho-4EBP1 (Thr36), and phospho-p70S6K (Thr389) were detected in PEDV-infected or mock-infected Vero cells with available antibodies.

Another thrilling finding was that many immune regulation and inflammation relevant pathways were also constructed by IPA analysis, including NF-κB signaling pathway, JAK/STAT signaling pathway, PI3K/AKT pathway, IL-6 and IL-8 pathways. While considering the cytokines as indicators of immune dysfunction and inflammation, we examined the cytokine expressions of PEDV- or mock-infected Vero cells using quantitative real-time RT-PCR. It was demonstrated that the cytokines detected were more sharply increased after CH/YNKM-8/2013 infection ([Fig. 8](#f0045){ref-type="fig"}A). NF-κB signaling pathway is prevalently recognized to be closely associated with inflammatory responses. Its activation is accompanied by phosphorylation and nuclear translocation of p65, and degradation of IκBα. Immunoblotting analysis indicated that the phosphorylation of p65 was significantly enhanced. Meanwhile, IκBα was almost undetectable during CH/YNKM-8/2013 infection ([Fig. 8](#f0045){ref-type="fig"}B). No such obvious findings were presented upon AH-M strain infection. These substantial evidences were also coincided with the outcomes generated from proteomic analysis.Fig. 8Confirmation of immune dysregulation in Vero cells upon PEDV infection with real-time RT-PCR or immunoblotting analysis. (A) Real-time RT-PCR analysis of cytokine expressions in Vero cells infected or mock-infected with PEDV at 0.1 MOI. The cells were collected at 36 h pi for real-time RT-PCR to analyze the relative expression of the specified cytokines mRNA. (B) PEDV infection induced the phosphorylation of p65 and degradation of IκBα. Vero cells were infected or mock-infected with PEDV strain CH/YNKM-8/2013 or AH-M at 0.1 MOI and harvested at 36 h pi for immunoblotting.

4. Discussion {#s0085}
=============

To date, although the proteomic technology has been widely applied for virus--host interaction studies, little information has been available about the protein profile of host cells infected with PEDV. Here, iTRAQ combined with LC--MS/MS was applied for the comparative proteomic analysis of Vero cells infected with virulent and CV777 vaccine strain-like strains of PEDV, due to its superior performance in simultaneous comparison of multi-samples with wide dynamic protein abundance [@bb0145]. In this study, 661 and 474 differentially regulated proteins were identified in Vero cells infected by PEDV CH/YNKM-8/2013 and AH-M infection, respectively, on the basis of a fold change \> 1.5 or \< 0.67 and *p* value \< 0.05. The immunoblotting results were also in accordance with the proteomic analysis. The differences regarding cellular responses were mainly involved in protein synthesis, immune regulation, cellular assembly and organization, signal transduction, and apoptosis. These data could provide comprehensive information to reveal the PEDV pathogenic mechanisms associated with virulent and CV777 vaccine strain-like strains of PEDV infection.

4.1. Cellular protein synthesis {#s0090}
-------------------------------

The host protein synthesis machinery can be subverted by viruses to synthesize viral proteins and stifle host innate defense to facilitate its propagation [@bb0150]. One important finding in this study was that virulent PEDV infection suppressed ribosomal protein S6 kinase (p70S6K) and eIF4E-binding protein 1 (4EBP1) phosphorylation through mTOR complex inactivation. Similarly, eIF2 (eukaryotic initiation factor 2) signaling was also dramatically inhibited during virulent PEDV infection, which was documented to be advantageous for some virus propagation [@bb0155], [@bb0160], [@bb0165]. Mammalian target of rapamycin (mTOR), a key downstream effector of PI3K/AKT pathway, is commonly targeted by viral proteins for its central role in protein synthesis and cell growth with two different complexes (mTORC1 and mTORC2) [@bb0170], [@bb0175]. mTORC1 phosphorylates the p70S6K and 4EBP1, which enhance mRNA and cap-dependent translation, respectively [@bb0150], [@bb0180]. mTOR signaling was manipulated by many viruses to achieve high protein levels for both host and virus itself. For example, to facilitate viral protein synthesis, HCV non-structural protein 5A (NS5A) simultaneously activated mTORC1 and eIF4E through inactivation of 4EBP1 [@bb0185]. By up-regulating AKT level, human papillomavirus (HPV) activated mTORC1 which might be required for the initiation of viral replication [@bb0190]. Herpes simplex virus type 1 (HSV-1) [@bb0195], human cytomegalovirus (HCMV) [@bb0200], and vaccinia virus (VacV) [@bb0205] all augmented the content of mTOR following by 4EBP1 phosphorylation, thus promoting viral protein synthesis and viral replication.

In contrast, some viruses suppressed host translation machinery by down-regulated mTOR activity to contribute to cell cytopathology and apoptosis. Encephalomyocarditis virus [@bb0210], vesicular stomatitis virus [@bb0215], or adenovirus [@bb0220] infection restrained the cap-dependent translation by promoting the 4EBP1 hypophosphorylation. Influenza virus infection was also reported to decrease the abundance of phosphorylated eIF4E, which might assist to inhibit host translation [@bb0225]. Treated with rapamycin, a specific inhibitor of mTOR, the PRRSV titer was dramatically enhanced in host cells than the mock-treated [@bb0230]. In our study, the mTOR signaling and its downstream targets of 4EBP1 and p70 S6K were remarkably down-regulated in virulent PEDV CH/YNKM-8/2013 than that by the CV777 vaccine strain-like AH-M strain. It was noteworthy that the content of phosphatidylinositol-3-kinase (PI3K) was reduced in virulent PEDV infection, while increased in CV777 vaccine strain-like PEDV infection, which closely associate with the differences in mTOR signaling of Vero cells infected with these two strains. Particularly worth mentioning was that the virulent strain exhibited higher amount of viral protein and nucleic acids production compared to CV777 vaccine strain-like AH-M at the time-point tested. One possible explanation was that virulent PEDV subverted the translation apparatus of Vero cells to combat against innate antiviral responses for higher virus yield, resulting in earlier evident cytopathic effect and ultimately cell death. Besides, the difference in protein synthesis induced by the two viruses might be related with their different pathogenic mechanism in Vero cells. Furthermore, the mTOR pathway was intimately linked with cellular autophagy, which acted pivotal functions in viral replication and pathogenesis [@bb0235], [@bb0240]. The elaborate mechanism between autophagy and PEDV pathogenesis is currently under investigation in our laboratory.

4.2. Cellular immune response {#s0095}
-----------------------------

During infection, the viruses initiate various strategies to suppress host immune system and many antiviral responses are conversely generated by host cells. The balance between host and virus confrontation determines the outcome of viral infection and disease progression [@bb0245]. The cell-mediated immune responses and inflammatory pathways remain poorly understood to PEDV infection, much less about the differences between virulent and CV777 vaccine strain-like AH-M strains. Previous studies have shown that PEDV infection could cause deficiency in the synthesis of type I interferon (IFN), and nucleocapsid (N) and papain-like protease 2 (PLP2) proteins functioned as IFN antagonist in vitro [@bb0250], [@bb0255]. Xu et al. reported that E and N proteins could activate NF-κB and aggrandize interleukin-8 expression using a porcine intestinal epithelial cell (IEC) line [@bb0260], [@bb0265]. Whereas it was also noticed that transient expression of N protein in HEK-293T cells could inhibit NF-κB signaling [@bb0250]. Besides, the recent report revealed that PEDV infection induced NF-κB activation through the TLR2, TLR3, and TLR9 pathways in porcine intestinal epithelial cells [@bb0270]. In our study, many immune regulatory pathways described above were constructed based on the differentially expressed proteins using IPA tool. To further investigate the differences regarding immunomodulation manipulated by virulent or CV777 vaccine strain-like PEDV infection, we examined the expression of specific inflammatory cytokines which were hallmarks of immune responses by real-time RT-PCR. It was noted that the expression of inflammatory cytokines detected were sharply up-regulated during virulent PEDV infection. As is well accepted that NF-κB acts at the crossroads of many signaling pathways, exerts central roles in regulation of the immune responses and cell survival/proliferation [@bb0275]. Immunoblotting analysis indicated NF-κB pathway was more significantly activated after virulent PEDV infection through p65 phosphorylation and IκBα degradation, while moderately activated after CV777 vaccine strain-like AH-M strain infection. Activation of NF-κB can facilitate replication of some viruses, such as TGEV and PRRSV [@bb0280], [@bb0285]. Yamamoto et al. noticed that inappropriate or over-activation of NF-κB could lead to inflammatory and autoimmune diseases [@bb0290]. Here, the more dramatically activation of NF-κB signaling in virulent PEDV strain infected cells might be due to the characteristics of virulence and pathogenicity, as well as stronger replication capability and infectivity of virulent strain than that by the CV777 vaccine strain-like strain, followed by more severe inflammatory cascades to aggravate Vero cells destruction. PEDV infection is marked by acute enteritis with mortality approaching 100% in sucking piglets up to one week of age, especially for virulent strain. We speculated that the acute enteritis caused by virulent PEDV might be associated with the excessive inflammatory cascades responses, which lead to devastating damage of epithelial cells in small intestine of the piglets.

STAT1 is a key member with great diversity of biological functions in the STAT family which mainly involves in JAK/STAT pathway. The phosphorylation and translocation of STAT1 lead to the transcription of interferon stimulated genes that provide an antiviral state for the host cells [@bb0295], [@bb0300]. It was reported that animals with STAT1 disruption were extremely susceptible to viral disease [@bb0305]. Robert J. et al. reported the mouse model deficient in STAT1 possessed an increased viral titer, lung pathology and susceptibility to SARS-CoV infection over the wild type mouse [@bb0295]. Our proteomic data showed that the STAT1 displayed no obvious change during CV777 vaccine strain-like PEDV infection, but notably decreased with 2-fold ratio in virulent PEDV infection, which was confirmed by western blot. STAT3, another important STAT family member, regulates cell proliferation, survival and anti-apoptosis process [@bb0310]. Moreover, the activation of STAT3 was closely associated with virus replication [@bb0315], [@bb0320]. In this study, STAT3 protein was found with up-regulation in both virulent (6.51-fold change) and CV777 vaccine strain-like (4.27-fold change) PEDV infected cells, which might facilitate cell survival and virus propagation. Take all these observations into account, the virulent PEDV might try to manipulate infected cells to sustain cell survival for maximizing viral replication and titers, coupled with cytopathologic changes and finally lead to dramatically pathological changes in host cells.

4.3. GTPase family and cellular maintenance {#s0100}
-------------------------------------------

The GTPase family which contains three subfamilies, Rho, Rac and Cdc42, regulates various biological processes including the reorganization of actin cytoskeleton, vesicle trafficking, cell adhension and apoptosis [@bb0325]. It is well recognized that re-configuration of cytoskeleton is closely related with transcellular membrane trafficking and therefore facilitates viral replication [@bb0330]. Cytoskeletal changes have also been detected in proteomic studies of virus infections, such as infectious bursal disease virus (IBDV) [@bb0335], TGEV [@bb0100], and PCV2 [@bb0340]. Our proteomic study showed that the Rac and Rho signaling were significantly changed after virulent PEDV infection. Detailed analysis demonstrated that the alteration was caused by the differential expression of the key upstream regulator PI3K upon virulent and CV777 vaccine strain-like PEDV infection. In addition, integrin (another key upstream regulator), ARP2/3 (an initiation complex of actin polymerization), IQGAP and CYFIP1 which also played important roles in GTPase family, were all dramatically down-regulated in virulent PEDV infection. We inferred that virulent PEDV might manipulate these differentially displayed proteins to generate actin cytoskeleton networks collapse and cell--cell detachment in host cells, leading to an unstable cytoskeletal structure. The cytoskeletal disruption may contribute to virus multiplication and dissemination by facilitating its release and entry, conferring higher virus titer and infectivity to virulent strain. While no such obvious alterations were confirmed in CV777 vaccine strain-like AH-M infected cells, this might be resulted from the less severe cell pathological changes due to the lower viral titer and pathogenicity.

Viral infection can also convert the normal composition of host cells to promote viral propagation. Adherens junctions (AJs) and tight junctions (TJs) are essential components to maintain the integrity of the intestinal epithelium, which is crucial for proper functions of the barrier that regulates the absorption of nutrients and restricts uptake of luminal bacteria [@bb0345], [@bb0350]. It is widely acknowledged that porcine intestines are the primary site for PEDV multiplication, and structural alterations of adherens and tight junctions have been mentioned in intestinal epithelial cells infected with PEDV in vivo and in vitro [@bb0355], [@bb0360]. In our study, adherens and tight junctions were both found under dysregulation during virulent PEDV infection, while slight changes were induced by CV777 vaccine strain-like PEDV. Previous report indicated that PEDV infection lead to watery diarrhea and severe dehydration in piglets, and meanwhile accompanying with severe villous atrophy, a reduction in the villous height and crypt depth. These might be results of the interruption of digestion and absorption of nutrients and electrolytes, caused by the alteration of adherens and tight junctions in the process of PEDV infection. Furthermore, many significantly altered proteins covered in these signaling pathways were identified and quantified. The precise mechanism concerning host cellular structure alteration and diarrhea might be elucidated based on these substantial evidences.

4.4. Other changed proteins {#s0105}
---------------------------

Apoptosis is considered as an important component in regulating pathogenesis of many infectious diseases. In the process of virus infection, apoptosis inhibition can prevent premature cell death and thus maximize viral replication, while apoptosis induction can facilitate virus release and dissemination from infected cells [@bb0365], [@bb0370]. The initiation of apoptosis is usually controlled by the death receptor-mediated extrinsic pathway, and the mitochondrial-involved intrinsic pathway. In the present study, two apoptosis related proteins were detected and quantified. AIFM1, a mitochondrial apoptosis-inducing factor (AIF), functions as a key pro-apoptotic factor in the intrinsic apoptotic pathway by releasing from the mitochondria and translocating to the nucleus. Significant up-regulation of AIFM1 was confirmed in virulent PEDV infected cells and therefore apoptosis might be potentially induced. This was consistent with a previous report that PEDV infection could induce apoptosis through activation of mitochondrial apoptosis-inducing factor [@bb0375]. Besides, caspase-8 is critically involved in extrinsic apoptosis signaling pathway in mammals, which is triggered by stimulation of death receptors. Caspase 3, the main executioner caspase, can be activated by the initiator caspase, caspase 8, to bring about the apoptotic phenotype. The down-regulation of caspase-8 expression during virulent PEDV infection implied that an apoptosis inhibition mechanism might exist at early PEDV infection to achieve a higher virus titer, which was also confirmed by Zeng et al [@bb0130]. Based on these evidences, a mechanism that weakens virus-induced cell apoptosis to facilitate virus proliferation to a higher virus titer at early virus infection, and mitochondrial AIF-mediated apoptosis to favor virus dissemination and pathogenicity might coexist during virulent PEDV infection, just like the case of SARS-CoV [@bb0380].

Endoplasmic reticulum, the major site for protein transport and secretion, exerts a crucial role in guaranteeing the proper function of viral proteins. Calnexin is a molecular chaperone in ER, regulating the folding and maturation of glycosylated proteins [@bb0385]. Previous studies have demonstrated that calnexin strictly monitored the maturation of viral proteins, such as HIV gp160 and S protein of SARS-CoV, which were important for their infectivity [@bb0390], [@bb0395]. In addition, calnexin was also observed with increased expression in HCV infection [@bb0400]. Similarly, calnexin was significantly up-regulated by 7.92- and 2.88-fold change, in virulent and CV777 vaccine strain-like PEDV infections, respectively. This was confirmed by immunoblotting analysis. These evidences supported our hypothesis that the higher expression of calnexin might promote the maturation of S protein, resulting in conferring more severe infectivity on the virulent PEDV than the CV777 vaccine strain-like strain.

Taken together, this is the first attempt to explore the whole protein profiles individually infected by virulent and CV777 vaccine strain-like strains of PEDV through iTRAQ coupled with LC--MS/MS approach, followed by comparative analysis of proteomic characterization. Although the proteomic analysis here based on these differentially expressed proteins is descriptive, these substantial observations might lay the foundation for in-depth studies to elucidate the different pathogenesis and host responses upon virulent and CV777 vaccine strain-like PEDV infections.

The following are the supplementary data related to this article.Supplementary Fig. S1The kinetics of PEDV CH/YNKM-8/2013 and AH-M infections in Vero cells, respectively. Supplementary Fig. S2Repeatability analysis of data obtained from iTRAQ coupled with LC--MS/MS proteomic approach. Supplementary Fig. S3Overview of specific functional networks upon PEDV strains CH/YNKM-8/2013 and AH-M infection, respectively. Supplementary Table S1Information for significantly differentially expressed proteins identified in Vero cells infected with PEDV strains CH/YNKM-8/2013 and AH-M, respectively. Supplementary Tables S2--S4Information for functional characterization, Pathway analysis, and Network analysis of differentially regulated proteins.
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